Ionic liquids (ILs) are versatile solvents for a broad range of biotechnological applications. Recent experimental and simulation results highlight the potential benefits of dilute ILs in aqueous solution (aqueous ILs) in order to modify protein and DNA structures systematically. In contrast to a limited number of standard co-solutes like urea, ectoine, trimethylamine-N-oxide (TMAO), or guanidinium chloride, the large amount of possible cation and anion combinations in aqueous ILs can be used to develop tailor-made stabilizers or destabilizers for specific purposes. In this review article, we highlight common principles and differences between aqueous ILs and standard co-solutes with a specific focus on their underlying macromolecular stabilization or destabilization behavior. In combination with statistical thermodynamics theories, we present an efficient framework, which is used to classify structure modification effects consistently. The crucial importance of enthalpic and entropic contributions to the free energy change upon IL-assisted macromolecular unfolding in combination with a complex destabilization mechanism is described in detail. A special focus is also set on aqueous IL-DNA interactions, for which experimental and simulation outcomes are summarized and discussed in the context of previous findings.
Introduction
Over the last years, room temperature ionic liquids (ILs) and dilute ILs in aqueous solution (aqueous ILs) were often used as versatile solvents and co-solutes in biotechnological applications (Wilkes 2004; van Rantwijk and Sheldon 2007; Benedetto and Ballone 2015; Egorova et al. 2017; Smiatek 2017) . The rising interest in aqueous ILs can be mainly rationalized in terms of a broad impact on several fields of research, ranging from food science and pharmaceutical applications to protein structure crystallography (Patel et al. 2014a ). Besides long-time storage (Byrne and Angell 2008) and stimulated biocatalytic activities in neat ILs (van Rantwijk and Sheldon 2007; Zhao 2015b; Benedetto and Ballone 2015; Egorova et al. 2017) , aqueous ILs have shown their benefits as promising solutions to systematically stabilize or destabilize protein and enzyme structures (Kumar and Venkatesu 2013; Patel et al. 2014a; Benedetto and Ballone 2015; Egorova et al. 2017; Constantinescu et al. 2007; Weingärtner et al. 2012; Zhao 2015b; Schröder 2017; Smiatek 2017; Saha and Mukherjee 2018) . Often studied species are aqueous dialkylimidazolium based aprotic ILs (Constantinescu et al. 2007; Weingärtner et al. 2012; Zhao 2015b; Senske et al. 2016; Schröder 2017; Smiatek 2017) , in addition to protic or aminoacid based ILs (Baker et al. 2004; Fujita et al. 2005; Fukumoto et al. 2005; Constantinescu et al. 2007; Mann et al. 2009; Fujita and Ohno 2010; Weingärtner et al. 2012; Patel et al. 2014b; Senske et al. 2016) . Although the underlying mechanisms are not yet fully understood, one can assume that the molecular properties of the ILs and thus specific ion effects play a vital role (Fujita et al. 2006; Weingärtner et al. 2012; Senske et al. 2016; Zhao 2015b; Schröder 2017; Smiatek 2017) . For instance, it was demonstrated that the denaturation strength of several ions can be ordered within a Hofmeister series (Constantinescu et al. 2007 (Constantinescu et al. , 2010 Yang 2009; Zhao 2015b) , such that the combination of distinct anions and cations reveals different destabilization effects (Zhao 2015b) . In view of these findings, a more complex interaction mechanism and protein-binding behavior (Lesch et al. 2015b; Diddens et al. 2017) can be observed when compared with standard cosolutes like urea, guanidinium chloride, trimethylamine-Noxide (TMAO) or others (Canchi and García 2013a; Rösgen et al. 2005; Harries and Rösgen 2008; Canchi and García 2013b; Collins 2004; Sukenik et al. 2013a ; Narayanan Krishnamoorthy et al. 2014; Hahn et al. 2015; Micciulla et al. 2016; Schroer et al. 2016; Oprzeska-Zingrebe and Smiatek 2018) .
The particular benefit of using aqueous ILs for structure modification in contrast to standard co-solutes becomes evident with regard to low concentrations that are needed. Significant effects were already reported for concentrations below 1 mol/L (Constantinescu et al. 2007; Smiatek 2017) , although also a non-linear concentration-dependent behavior was observed (Constatinescu et al. 2010; Weingärtner et al. 2012; Senske et al. 2016 ). Due to these reasons, it is of utmost importance to achieve deeper insights into the underlying interaction mechanisms in terms of optimized ion combinations for specific purposes. Besides detailed experimental studies, useful tools are atomistic molecular dynamics (MD) simulations, which were already performed for several aqueous ILs (Micaêlo and Soares 2008; Klähn et al. 2011; Haberler et al. 2011; 2012a; Haberler and Steinhauser 2012; Lesch et al. 2015b; Baker et al. 2015; Chevrot et al. 2016; Tung and Pfaendtner 2016; Diddens et al. 2017) . The pronounced interaction between cations and anions and the resulting effect on the unfolding behavior were discussed in more detail in recent publications (Dabirmanesh et al. 2011; Yan et al. 2012; Ajloo et al. 2013; Schröder 2017; Smiatek 2017; Figueiredo et al. 2013; Lesch et al. 2015b; Diddens et al. 2017) . Noteworthy, most of these studies focused on hydration and binding properties of the proteins, whereas the stability of protein conformations in presence of aqueous ILs was only sparsely investigated (Lesch et al. 2015b; Chevrot et al. 2016; Tung and Pfaendtner 2016; Diddens et al. 2017) .
In addition to stronger effects at lower concentrations when compared with standard co-solutes and the large number of possible ion combinations, one can ask if even further differences or similarities between standard co-solutes and aqueous ILs exist. In a previous review article, we mainly reported on the effects of aqueous ILs on protein structures (Smiatek 2017) . Here, we want to focus on a general comparison between aqueous ILs and standard co-solutes, in addition to findings for aqueous IL-DNA interactions. Recent experimental research on the applicability of neat ILs for DNA enabled to establish efficient methods of DNA consecutive reuse and redissolution (Mukesh et al. 2013) , electrophoresis (Qin and Li 2003) , and isolation and purification Fujita and Ohno 2012; Li et al. 2013a; Ghaemi and Absalan 2014; Clark et al. 2016) . In the latter case, novel magnetic ILs turn out to be particularly interesting for the purpose of effective extraction and preservation of DNA (Clark et al. 2015a (Clark et al. , b, 2016 . For industrial purposes, ILs are being currently applied in DNA-based biosensors (Chen et al. 2013; Sun et al. 2013; Machado et al. 2014) , or to assist a vast variety of methods in genetic manipulations, including genomic sequencing , cloning (Li et al. 2013b) , or gene delivery and transformation (Zhang et al. 2009; Soni et al. 2015) . Moreover, replacement of standard aqueous solutions by ILs as solvents and catalysts for laboratory purposes enabled to overcome certain technological limitations associated with DNA nanotechnology (Nishimura et al. 2005; Dandia et al. 2013) due to enhanced DNA stability and solubility in ILs (Zhang et al. 2009; Sharma et al. 2015; Jumbri et al. 2016; Mishra et al. 2016) . Among others, it has been shown that plasmid DNA demonstrates an increased resistance against enzymatic degradation in aqueous ILs based on choline dihydrogen phosphate when compared to saline buffer (Mazid et al. 2015) .
Having in focus the latest achievements in IL-related DNA biotechnology, there appears a particular need to approach the molecular aspects of the interaction between these components and nucleic acids in detail. In this review article, we summarize recent findings on DNA and IL interactions, with main focus on computational results. In contrast to several studies on the features and behavior of proteins and enzymes in aqueous ILs (see Benedetto and Ballone 2015; Egorova et al. 2017; Smiatek 2017; Schröder 2017; Zhao 2015b for a detailed overview), DNArelated studies were only sparsely conducted, and most of the research carried out to date relies on experimental procedures Xie et al. 2008; Singh et al. 2012; Araújo et al. 2013; Sharma et al. 2015; Roy et al. 2016; Pandey et al. 2018 ) instead of simulation approaches. Despite limitations in the used force fields and models (Dommert et al. 2012; Zeman et al. 2017; Uhlig et al. 2018) , the benefits of computer simulations rely in their ability to provide a detailed level of information, which is often not reachable even by advanced experimental procedures.
In order to shed more light on co-solute-assisted structure modification effects, we highlight the use of KirkwoodBuff (KB) theory in this review, which was recently often applied in the context of experimental and computational studies concerning the properties of aqueous IL solutions (Reid et al. 2015 Lesch et al. 2015b; Kobayashi et al. 2017; Zeindlhofer et al. 2017 Zeindlhofer et al. , 2018 Smiatek 2017) . In general words, the KB approach provides a solid statistical mechanical fundament in order to rationalize structure changes in terms of thermodynamic arguments without further approximations. Moreover, the basic relations of the theory are simple to use, make no assumptions on molecular geometries, and can be applied to standard co-solutes and aqueous ILs simultaneously without further modification. After a brief introduction into the main principles of the theory, we review previous experimental and simulation findings on the interactions between aqueous ILs, standard co-solutes, and macromolecules in ternary solutions. In agreement with KB theory, all literature results reveal the crucial importance of local ion accumulation effects in order to stabilize or destabilize macromolecular structures. Moreover, we also discuss the energetic contributions to the binding mechanism and further report on the properties of aqueous IL-DNA interactions.
The article is organized as follows. In the next section, we highlight main concepts of KB theory in order to rationalize co-solute-assisted structure stabilization and destabilization effects. Hereafter, we review recent findings on enthalpic and entropic structure modification mechanisms, and we discuss typical interaction mechanisms observed for aqueous aprotic ILs in contrast to urea as a standard cosolute. In Section "Aqueous ILs and their influence on DNA structures," we report on recent results concerning aqueous IL-DNA effects, for which we mostly focus on the outcomes of computational studies. We summarize the main results in the last section.
Thermodynamic aspects of co-solute-assisted structure modification
In this section, we will discuss basic thermodynamic concepts in order to rationalize co-solute-induced changes in macromolecular structures. For this reason, we will briefly introduce the Kirkwood-Buff (KB) theory (Kirkwood and Buff 1951; Ben-Naim 2013; Newman 1994; Pierce et al. 2008) , which can be regarded as a meaningful concept in order to study thermodynamic properties of solutions and higher component liquid mixtures. Although already developed more than 60 years ago (Kirkwood and Buff 1951) , the KB theory has recently attracted a lot of interest in terms of the analysis of experimental and computer simulation data, distinct co-solute-induced effects, and the study of multicomponent solutions (Smith 1999 (Smith , 2004 (Smith , 2006 Shimizu and Smith 2004; Shimizu 2004; Schurr et al. 2005; Rösgen et al. 2004 Rösgen et al. , 2005 Rösgen et al. , 2007 Smith et al. 2013; Smiatek 2014; Baynes and Trout 2003; Pierce et al. 2008; Krishnamoorthy et al. 2016 Krishnamoorthy et al. , 2018 Schroer et al. 2016; Micciulla et al. 2016; Reid et al. 2015 Reid et al. , 2017 Kobayashi et al. 2017; Martinez and Shimizu 2017; Shimizu and Matubayasi 2018) . (We refer the reader to Kirkwood and Buff (1951) , Ben-Naim (2013), Pierce et al. (2008) , Smiatek (2017) , and Newman (1994) for a more detailed introduction into the broad applicability of the theory.) In more detail, the use of the KB theory allows us to describe co-solute-induced structure changes by basic thermodynamic relations, while at the same time avoiding the pitfalls of phenomenological explanations. Even more beneficial, the KB theory makes no assumption on the molecular shape or size, which highlights the full applicability of the approach for all molecules, regardless if aqueous ILs or standard co-solutes.
As we already mentioned in the introduction, cosolute-assisted changes in macromolecular structures have a broad impact on several disciplines. Moreover, several evolutionary survival strategies strongly rely on the presence of co-solutes (Yancey 2005) , such that the influence of harsh environmental conditions on cell metabolism processes is compensated with the help of several low weight molecular compounds (Hahn et al. 2016) . Prominent attempts to explain structure modification effects are represented by preferential binding/exclusion approaches (Tanford 1964; Courtenay et al. 2000; Timasheff 2002; Shimizu and Smith 2004; Shimizu 2004 ), co-solutesolute linkage relations (Wyman 1964; Tanford 1969) , transfer free energy models (Auton and Bolen 2004) , or solvent-mediated mechanisms (Collins 2004; Marcus 2009 ). Whereas most of these attempts rely on reasonable assumptions, a rigorous treatment in terms of molecular statistical mechanics theories is often missing (Shimizu 2004) . As already mentioned, the KB theory provides a solid theoretical framework in order to underpin recent experimental and computational findings on co-soluteinduced effects.
As a starting point for our theoretical considerations, we summarize basic principles in order to rationalize the framework. Most importantly, the KB theory without extensions is not applicable for chemical reactions. Thus, any chemical reaction between co-solutes and the main solute (either polymers, polyelectrolytes, proteins, enzymes, RNA, or DNA) in terms of covalent bond cleavage has to be ignored, which means, at least in our definition, that the cosolutes do not modify the chemical structure of the solute in agreement with experimental findings (Canchi and García 2013a; Zhao 2015b) . The corresponding implications lead to the definition of "compatible solutes" (Yancey 2005; Zhao 2005; Smiatek et al. 2012; Hahn et al. 2015 Hahn et al. , 2016 , which means that these compounds do not affect cell metabolism processes.
Furthermore, we consider low or moderate co-solute concentrations, so that the vast amount of the solution is represented by solvent molecules. Here, we do not distinguish between standard co-solutes and aqueous ILs, such that the definition as co-solute is generally applicable.
In addition, the amount of macromolecules as main solute is also low, which means that any interaction between the macromolecules can be ignored, and that a sufficient fraction of the solution can be regarded as bulk solution. Despite this requirement, we still consider "macromolecular ensembles" in our approach, where a fraction of macromolecules is in folded state (native state), whereas others remain in different unfolded or denatured states (Smiatek 2017) . With regard to this point, we explicitly avoid considerations in terms of kinetically trapped configurations (Bryngelson et al. 1995) , and focus our attention on long-time stable thermodynamic states. Thus, we assume that the vast number of possible microstates associated with a given macromolecule can be attributed either to a native or a denatured state, which are separated by a large free energy barrier. Usually, the native state is energetically more favorable than the denatured state, such that the associated free energy landscape can be understood as having only two broad energetic minima. In consequence, the macromolecular states are classified as native (N) or denatured (D), which can be correlated with a simple two-step folding behavior. Thus, the simplified "unfolding reaction" reads with the chemical equilibrium constant (Atkins and de Paula 2010)
where a j denotes the chemical activity of the considered state (or species) with the stoichiometric coefficient ν j , which is set to ν D = 1 for the denatured state, and ν N = −1 for the native state. In more detail, the chemical activity reads a j = γ j x j , with the chemical activity coefficient γ j , and the mole fraction x j = ρ j /ρ, where ρ j = N j /V denotes the bulk number density of species or state j in combination with the total bulk number density ρ of the solution, where N j denotes the number of species or molecules within system volume V . With regard to standard nomenclature, we denote the co-solute (either IL ions or standard co-solute) with index "3," solvent molecules with index "1," and the main solute (macromolecule) with index "2." In consequence, for vanishing macromolecular densities ρ 2 → 0, we can assume ideal conditions with lim ρ 2 →0 γ j = 1, which allows us to define K = N D /N N . Further, the chemical potential is defined by
in which μ 0 j denotes the standard chemical potential, R the universal gas constant, and T the absolute temperature. In accordance with chemical equilibrium (Atkins and de Paula 2010) , it thus follows
which is equivalent to
for infinitely dilute macromolecular solutions, as denoted by the superscript "0." The relation above highlights the difference in the chemical potentials as the main reason for the stable fraction of native and denatured macromolecules. In order to include co-solute-induced effects, we assume that a finite number density of co-solute species ρ 3 in the solution imposes a modified macromolecular chemical potential
with the associated m−value of the co-solute, (Rösgen et al. 2004 (Rösgen et al. , 2007 Canchi and García 2013a) and
where N cs j denotes the co-solute-affected number of structure-modified macromolecules (Smiatek 2017) . Furthermore, one can define
in order to yield an explicit expression for the m− value in Eq. 5. As it was originally discussed in Hall (1971) and recently shown in Smiatek (2017) , one can write
where ν 23 denotes the difference in the preferential binding coefficients between the denatured and the native macromolecular state with regard to the number of co-solute molecules N 23 and the number of water molecules N 21 around the macromolecule. As shown in previous articles (Smiatek 2017; Hall 1971) , the corresponding changes mostly occur within a local region around the macromolecule, which can be regarded as the main region of interest in terms of local/bulk partitioning model and preferential binding model (Oprzeska-Zingrebe and Smiatek 2018) . In fact, the associated change in the preferential binding coefficients can be directly related to a shift of the chemical equilibrium either to the native or the denatured state, as we will review in more detail in the remainder of this article. With regard to this point, the Kirkwood-Buff (KB) theory of solutions provides a natural framework in order to describe the influence of co-solutes on the chemical equilibrium in terms of statistical thermodynamics concepts. A central expression of the theory is the Kirkwood-Buff integral (KBI)
which can be interpreted as excess volume of species β around component α under consideration of the radial distribution functions g αβ (r) . It can be shown (Kirkwood and Buff 1951; Ben-Naim 2013) that the KBIs can be also written in terms of molecular fluctuations
with mean particle numbers N α,β of species α, β, and with the Kronecker delta function δ αβ , which is unity for α = β and zero otherwise. In order to establish a connection with the grand canonical partition function (μ, V , T ), one can use the relation (Ben-Naim 2013)
where μ {α} denotes constant chemical potentials for all species except α, which further yields with ρ j = N j /V , and in combination with Eq. 11 the important relation
which can be applied to evaluate the remaining term in Eq. 7. As it was in more detail outlined in Refs. BenNaim (2013), Smith (2006) , and Smiatek (2017) , the corresponding derivative of the chemical potential can be written as
for typical open ternary solutions with constant T and pressure p, whereas explicit relations for distinct other ensembles were derived in Smith (2006) . In consequence, the last relation can be inserted in Eq. 7, which then reads
with
which is always larger than zero for ordinary solutions without spinodal decomposition processes due to stability requirements (Ben-Naim 2013). Furthermore, the corresponding value of a 33 often depends on the density of the co-solute species (Rösgen et al. 2004) , such that non-linear concentration-dependent effects at higher concentrations are often evident. A decrease or increase of the macromolecular chemical potential associated with different states (7) is thus solely related to the differences in the preferential binding coefficient, where ν 23 > 0 highlights a preferential binding to the unfolded structure, whereas ν 23 < 0 denotes a preferential exclusion of co-solutes around the denatured state. Hence, stabilizers reveal negative values for the differences of the preferential binding coefficients, while destabilizers have a positive ν 23 . This can be equivalently expressed in terms of Eqs. 5 and 6, which also defines the m-value as m = a 33 ν 23 /ρ 3 . Hence, the mvalue crucially depends on the derivative of the chemical potential a 33 and the difference in the preferential binding coefficients. In consequence, the corresponding solvation behavior of the co-solute in the solution significantly influences the stabilization or destabilization strength (Rösgen et al. 2004; Krishnamoorthy et al. 2018) .
In order to be fully consistent with the KB theory, even the preferential binding coefficient (9) can be written with regard to KB integrals
which highlights the important connection with excess volumes (Smiatek 2017) . In summary, all above-discussed relations are fully applicable for standard co-solutes and aqueous ILs. However, it has to be noted that an indistinguishable ion approach is used in our formalism, such that cations and anions are considered as one species of type "3" in accordance with the requirement of electroneutrality (Kusalik and Patey 1987, 1988; Smith 1999) . It was recently shown that this approximation is also valid for ILs whose individual species differ significantly in size (Reid et al. 2015 Kobayashi et al. 2017) . Hence, assuming that IL cations and anions contribute equally, one has to define G 33 for charged species according to Weerasinghe and Smith (2003) , Gee et al. (2011) , and Fyta and Netz (2012)
with n ± = n + + n − , where n + and n − denote the number of corresponding ion species in the dissociated state, and G +− = G −+ for cations (+) and anions (−) due to reasons of symmetry (Ben-Naim 2013). The corresponding KB integral for ion-solvent interactions is defined by
with G 31 = G ±1 = G 1± . With regard to charged species, the underlying formalism for solute-ion interactions also changes slightly. For instance, a crucial modification has to be introduced if the macromolecule is charged (Eisenberg 1976 ). Thus, a Donnan equilibrium condition contributes to the individual preferential binding coefficients (17), which then read
with the absolute charge Z of the macromolecule (Smith 2004; Pierce et al. 2008) , and where the superscripts N, D denote the corresponding macromolecular state. However, with regard to the difference in the preferential binding coefficients (17), it follows
which highlights the fact that the absolute charge of the macromolecule for chemical equilibrium shifts can be ignored.
Enthalpic and entropic origins of structure modification
As we have outlined before, the binding behavior of co-solutes significantly influences the macromolecular stabilization or destabilization behavior. If we ignore any energetic contribution from the solvent, one may then ask what is the nature of the binding mechanism between the co-solute and the macromolecule. In fact, the stabilization or destabilization of structures is associated with a free energy change or a change in the chemical potential, respectively, which rely on changes of enthalpic or entropic contributions. Both contributions can vary in their strength, and it is often not obvious which one dominates the associated chemical potential difference of the macromolecular states. In order to classify different co-solutes in terms of their interaction mechanism, a previous publication (Sukenik et al. 2013a ) already reported individual enthalpic and entropic contributions for different co-solutes concerning distinct macromolecular processes. In general, the free energy change of a macromolecular process in presence of co-solutes reads
where G 0 is the free energy difference between distinct states in absence of co-solutes, and G cs in presence of co-solutes, respectively. Hence, the corresponding enthalpic and entropic contributions are defined by
with enthalpy H and entropy difference T S, respectively. As meaningful examples, the authors studied the impact of neutral and charged co-solutes on the complexation free energy difference of β-cyclodextrin (CD) and adamantane carboxylate (AD) in addition to the unfolding free energy difference of a model peptide (Sukenik et al. 2013a ). The corresponding complexation free energy differences for CD/AD complexes in presence of distinct co-solutes are shown at the left side of Fig. 1 . If the free energy change is positive with G > 0, the corresponding co-solutes can be considered as destabilizers, which are located in the pink shaded regions (regions III and IV), and vice versa for stabilizers ( G < 0) in regions I and II (blue shaded regions). In more detail, region I includes all enthalpic stabilizers ( G < 0 and H < 0), whereas region II is associated with an entropic stabilization mechanism with G < 0 and T S > 0. Although weakly populated in Fig. 1a , region III corresponds to an enthalpic destabilization mechanism ( G > 0 and H > 0), and for reasons of completeness, all entropic destabilizers are located in region IV with G > 0 and T S < 0. With regard to the data shown in Fig. 1 , it can be thus concluded that most simple salts at low concentration reveal an entropically driven stabilization mechanism concerning the CD/AC complexation behavior. An entropically unfavorable release of counterions upon complexation in presence of excess salt can be regarded as main reason for this observation. Strong ion pair formers like LiCl and KF instead (Collins 2004) or salts at higher concentrations (Sukenik et al. 2013a) show an enthalpic destabilization mechanism. Hence, the number of free and unpaired ions, as well as the concentration of the co-solutes imposes a pivotal influence on the complexation behavior and the underlying stabilization mechanism. These conclusions are also supported by betaine as a zwitterionic net neutral molecular enthalpic destabilizer, which reveals an enthalpic destabilization mechanism. In agreement with comparable results for urea (Micciulla et al. 2016 ) and TMAO , it can be assumed that strong dispersion interactions can be observed for betaine with the individual CD and AD molecules, such that a larger accessible surface area with regard to unbound CD and AC molecules is favored.
In contrast to macromolecular association processes, typical results for a model protein unfolding free energy change in presence of distinct co-solutes are shown on the right side of Fig. 1 . As can be seen, most co-solutes are stabilizers, which either show enthalpic (region I) or entropic stabilization mechanisms (region II). In fact, large co-solutes like PEG at low concentration, which are often considered as macromolecular crowders are located in region II, whereas smaller co-solutes like polyols or PEG at higher concentrations are located in region I, revealing an enthalpic stabilization of macromolecular folded states (Sukenik et al. 2013b ). In more detail, enthalpic stabilization has its origin in favorable interaction energies between the macromolecule and the co-solute, while entropic stabilization purely relies on excluded-volume effects. Noteworthy, co-solutes located in region II are usually large molecules, which significantly reduce the available free volume and thus modify the entropy for macromolecular unfolding. In order to make this point more clear, these co-solutes are usually also called "macromolecular crowders." A recent review article discusses the principles of entropic stabilization in more detail (Sapir and Harries 2017) . In contrast, most salts at all concentrations are located in region IV, highlighting an entropic destabilization mechanism, but it has to be noted that the corresponding differences to enthalpic stabilization (region IV) are rather marginal due to H ≈ T S. The entropic destabilization mechanism thus can be attributed to an electrostatic binding of the ions to the charged macromolecular surface and an ion-specific accumulation around the uncharged regions. Both contributions compensate each other to a large extent, such that the remaining entropic contribution associated with the co-solute accumulation behavior dominates. Furthermore, it was speculated that also a modified water order, as it is known in presence of some salts (Collins 2004) , contributes to this effect (Sukenik et al. 2013a ). The associated implications in terms of Hofmeister and ion-specific effects were discussed in a series of articles (for an overview, we refer the reader to Marcus 2009; Kunz 2010; Lo Nostro and Ninham 2012; , and the related small enthalpy/entropy differences can be regarded as the underlying reason for our still limited understanding.
Interestingly, one of the strongest protein destabilizers, guanidinum hydrochloride (GnHCl), shows a pronounced enthalpic destabilization effect (region III). Due to recent experimental and simulation results Xia et al. 2012; Zheng et al. 2016; Jha and Marqusee 2014) , it can be expected that the large size of the guanidinium cation promotes both favorable electrostatic and dispersion interactions with the protein, such that the observed strong destabilization effect becomes reasonable. Previous findings by others and us (Smiatek 2014; Micciulla et al. 2016; Schroer et al. 2016 ; Horinek and Netz 2011; Rodríguez-Ropero and van der Vegt 2015; Oprzeska-Zingrebe and Smiatek 2018) highlighted comparable results for urea, which is also known as a strong protein denaturant. Furthermore, the inset on the right side of Fig. 1 clearly shows that the presence of electrostatic interactions between charged residues and charged co-solutes is crucial in order to establish enthalpic destabilization effects. Related measurements reveal that a neglect of electrostatic interactions changes the underlying behavior of the co-solutes, such that these compounds show an enthalpic stabilization effect instead. The compensation of both contributions results in the aforementioned entropic destabilization mechanism.
Based on these findings, we can conclude that the most potent and polar protein denaturants are located in region III as enthalpic destabilizers. In consequence, the pronounced contributions from both electrostatic and dispersion interactions favor a preferential binding of these molecules to macromolecular surfaces (Smiatek 2014; Micciulla et al. 2016 ; Horinek and Netz 2011; Rodríguez-Ropero and van der Vegt 2015; OprzeskaZingrebe and Smiatek 2018). As we have already discussed in the previous section, most preferential binders favor an unfolding of the macromolecule in order to increase the local co-solute concentration around the macromolecule with regard to a larger solvent-accessible surface area. In conjunction with the relatively large and charged guanidinium ion, and the corresponding similarities with aqueous IL cations, we conclude that most common aprotic aqueous IL cations like dialkylimidazolium are also located in region III in agreement with previous simulation outcomes ( Lesch et al. 2015b; Diddens et al. 2017) . Despite this simple argument, it was already found that the properties of the solute as well as the co-solute concentration significantly influence the observed binding behavior (Rösgen et al. 2004 (Rösgen et al. , 2007 Sukenik et al. 2013a; Smiatek 2014; Micciulla et al. 2016 Micciulla et al. , 2018 Kanduč et al. 2017) .
Hence, it can be assumed that aqueous ILs as complex and molecular salts also reveal a plethora of strong specific binding mechanisms. A previous publication by us has focused on this topic for imidazolium-based ILs at low concentration in water and their influence on the unfolding behavior of a simple hairpin peptide (Lesch et al. 2015b; Diddens et al. 2017) . In more detail, we studied 1-ethyl-3-methylimidazolium (EMIM) cations in combination with tetrafluoroborate (BF4), acetate (ACE), and chloride ions (CL) as anions. Our findings (Lesch et al. 2015b; Diddens et al. 2017 ) reveal a decrease in the unfolding strength with the order ACE > BF 4 > CL. Closely related with the previous discussion, we further studied the enthalpic contributions to the binding energy between the ions and the hairpin peptide. The results are shown in Fig. 2 . As can be seen, most imidazolium-based aqueous ILs show a strong Coulomb and van der Waals interaction energy with the moderately charged hairpin peptide (Z = −4e). The related total potential interaction energies strongly differ between the individual ILs, although all aqueous ILs include identical EMIM cations. As can be seen, the contributions in terms of short-range Lennard-Jones (LJ), meaning dispersion, and electrostatic interactions concerning EMIM cations and the peptide are roughly comparable. In consequence, the variation in total potential binding energies among the aqueous ILs is mostly imposed by distinct anions. In more detail, larger anions reveal more negative values in terms of Coulomb interactions, whereas the LJ contributions are negligible. Based on these findings and further analysis (Diddens et al. 2017 ), which will be discussed in the following section, we can assume that dialkylimidazolium-based aqueous ILs can be 
Complex destabilization mechanism for aqueous ILs
As it was discussed in the previous section, the destabilization mechanisms of the considered aqueous ILs are dominated by anion-specific effects, which influence the overall interaction energy in combination with LJ and electrostatic interactions associated with the cations. As it was pointed out in Fig. 2 for dialkylimidazolium-based ILs, smaller anions show minor or nearly negligible energetic contributions to the free energy change, such that the enthalpic contribution to the free energy change is solely dominated by cation-protein interactions. Based on these outcomes and further analysis, we are able to propose a complex destabilization mechanism, as it was in more detail discussed in Lesch et al. (2015b) and Diddens et al. (2017) . The basic outcomes of the KB theory underpin that a preferential binding of co-solutes induces a destabilization of peptide structures. Under this assumption, we can expect that both ion species involved as destabilizers accumulate in the local volume around the peptide and specifically around the denatured state. As an initial step, the effective accumulation of bulky EMIM ions due to strong LJ and Coulomb interactions induces the formation of positively charged cation layers around the native state of the peptide. This assumption is evidenced by the pronounced value for LJ and Coulomb interactions shown in Fig. 2 . In order to compensate the effective net charge, anions from the solution are attracted due to long-range electrostatic interactions in combination with hydrophobic effects (Haberler et al. 2012b; Tung and Pfaendtner 2016) , which form the second sheath around the macromolecules as it was also observed for bulk ILs (Lesch et al. 2015a (Lesch et al. , 2016 . However, the accumulated ions need to form mixed shells in order to minimize unfavorable electrostatic interactions with like-wise charged species, and further need to maximize electrostatic interactions with the partially charged peptide. This formation of mixed cationanion shells around the native state, as shown on the left side of Fig. 3 , can be regarded as the main driving force for the unfolding mechanism. In more detail, larger anions occupy more space and thus significantly perturb the local organization of the EMIM cations, which results in a volume increase of the ion cloud around the peptide. As a consequence, the protein unfolds in order to provide a higher amount of accessible surface area promoting shortdistance contacts for both ion species. As one would expect, this effect is significantly more pronounced for larger anions like BF 4 or acetate anions, whereas smaller anions like chloride can even fill gaps in the EMIM layer, such that only a weak unfolding tendency can be observed (Diddens et al. 2017) . In agreement with the KB theory and as can be seen on the right side in Fig. 3 , the unfolded state thus shows a higher number of mixed ion species in the local volume around the denatured peptide when compared with the native state.
Hence, the unfolding mechanism induced by aqueous ILs follows a more complex binding behavior in contrast to standard co-solutes (Rodríguez-Ropero and van der Vegt 2015; Micciulla et al. 2016 ; Oprzeska-Zingrebe and Reproduced from Diddens et al. (2017) with permission from the PCCP owner societies . As an example, urea molecules interact directly with protein or oligonucleotide residues in terms of LJ or electrostatic interactions, while at the same time replacing water molecules in the first solvation shell (Rodríguez-Ropero and van der Vegt 2015; Micciulla et al. 2016; Oprzeska-Zingrebe and Smiatek 2018) . The corresponding nearly linear increase of LJ and electrostatic interactions between urea molecules and a short DNA hairpin structure for increasing urea concentration is shown in Fig. 4 . As can be seen, the unfolded state is energetically more favorable, such that urea can be regarded as an enthalpic destabilizer. Moreover, we observe a linearly increasing value of ν 23 , which implies that the denaturation strength increases for higher urea concentrations (Oprzeska-Zingrebe and Smiatek 2018). In contrast to uncharged proteins and polymers (Horinek and Netz 2011; Rodríguez-Ropero and van der Vegt 2015; Micciulla et al. 2016) , the findings for urea-DNA hairpin binding energies also indicate a significantly higher contribution of dipolar electrostatic interactions in comparison with LJ binding energies (Oprzeska-Zingrebe and Smiatek 2018). Furthermore, and in agreement with the KB theory, it can be seen in the bottom of Fig. 4 that the values of the preferential binding coefficients ν 23 imply a higher affinity for urea towards the denatured state. In addition, even the differences of the preferential binding coefficients ν 23 show a linear increase with urea concentration, which demonstrates a less complex destabilization mechanism when compared with aqueous ILs.
Aqueous ILs and their influence on DNA structures
In comparison with simple proteins and peptides, much less is known on the properties of DNA structures in aqueous IL and standard co-solute solution. This can be mostly attributed to the limited number of computational studies in the field. Jumbri et al. employed MD simulations combined with fluorescence spectroscopy and circular dichroism to study the influence of neat and aqueous ILs on the structure and stability of DNA (Jumbri et al. 2014) . The authors concluded, that the native DNA Bconformation is retained in aqueous dialkyimidazolium bromide ILs mainly due to the formation of hydration shells around DNA phosphate groups. Since stronger hydration shells seem to minimize the binding ability of IL cations to negatively charged DNA phosphate groups, the studied aqueous ILs at low water concentrations turn out to favor native DNA conformation. Moreover, stable duplex conformations were observed even at 373.15 K, which is noticeably higher than average B-DNA melting temperatures in physiological or laboratory conditions (Khandelwal and Bhyravabhotla 2010) . Additionally, the computed interaction energies revealed that the dominant DNA-stabilizing interaction can be attributed to electrostatic attraction between DNA phosphate groups and IL cations. These results are consistent with previous research by He et al., who investigated the interaction between 1-dodecyl-3-methylimidazolium bromide IL and DNA in dilute NaBr solution (He et al. 2013 ) with the application of various experimental techniques and MD simulations. The authors approximated the DNA/IL system with a coarsegrained model, where DNA is described as an anionic polyelectrolyte and the IL species as cationic surfactants. Further isothermal titration calorimetry measurements complemented by MD simulations revealed that the accumulation of IL ions on DNA chains is driven both by enthaplic and entropic contributions. Besides electrostatic attraction between charged DNA groups and organic ions in the mixture, also hydrophobic interactions among alkyl chains contribute to the aggregation of IL species at the DNA surface. Another interesting observation was that distinct dialkylimidazolium-based aqueous ILs (Ding et al. 2010) induce conformational changes in DNA structures (He et al. 2013) , in agreement with previous results for protein conformations (Lesch et al. 2015b; Diddens et al. 2017) . A further contribution to the understanding of the mechanism of neat IL binding to DNA comes from MD simulations by Cardoso and Micaelo (2011) . The authors studied several imidazolium-, pyridinium-, pyrrolidinium-, oxazolium-, and ammonium-based ILs and their influence on Dickerson-Drew B-DNA. The corresponding results revealed the importance of hydrogen bonding between IL anions and adenine (A) -thymine (T) and cytosine (C) -guanine (G) nucleobase pairs, respectively. Interestingly, all IL cations showed electrostatic attraction to the negatively charged DNA backbone in addition to hydrogen bonding and nonbonded edge-to-face NH − π interactions with nucleobases (Cardoso and Micaelo 2011) .
A less toxic alternative to imidazolium-based ILs, morpholinium 2] [Br]), was also investigated via spectroscopic and molecular docking methods by Pabbathi and Samanta (2015) , which showed a retention of a stable B-DNA form in the aforementioned IL. In more detail, the morpholinium cation binds to the DNA minor grooves in agreement with the imidazolium cation, but with a slightly lower binding affinity. This effect has been attributed to the non-planar form of the [Mor1, 2] + cation, yielding a reduced number of interactions between [Mor1,2] + and DNA (Pabbathi and Samanta 2015) . An interesting view on DNA stabilization mechanisms in various aqueous ILs is also presented in the work of Chandran et al. (2012) . In these and further publications mentioned below, the authors argue that the presence of ILs in water inhibits catalytic reactions, such that most DNA structures are stabilized in aqueous ILs. Using MD simulations and spectroscopic experiments, the authors showed that IL ions, entering DNA minor grooves, contributed significantly to macromolecular stability via polar and hydrophobic interactions. A water cage around DNA, especially in the minor groove, was thus being disrupted by IL ions, which evokes a partial dehydration. In consequence, hydrolytic reactions leading to DNA denaturation were obstructed, which contributed to the longterm DNA stability in aqueous ILs (Chandran et al. 2012) .
Another evidence on the favorable environment provided by aqueous ILs comes from the work by Sugimoto (2012, 2014) and Nakano et al. (2014) . Due to a low water activity in aqueous protic ILs, securing a mild hydrogen bonding environment, the rate of hydrolytic reactions in the system was effectively slowed down (Tateishi-Karimata and Sugimoto 2012; Nakano et al. 2014) . This mechanism contributed significantly to the enhanced stability of double-helical DNA in aqueous ILs based on choline in agreement with previous experimental findings (Vijayaraghavan et al. 2010) . A further insight into the DNA sequence binding specificity of cholinebased ILs is presented in another work by TateishiKarimata et al. (2012 TateishiKarimata et al. ( , 2014 and Nakano et al. (2014) . Here, the thermodynamic stability of DNA base pairs in a representative IL, choline dihydrogen phosphate, was investigated. In a combined experimental and MD simulation approach it was shown, that choline ions bind strongly via hydrogen bonds to duplex DNA minor grooves including A-T regions, but only weakly to G-C rich regions. However, in single-stranded DNA, the binding preference was reversed and the interaction of choline ions with G-C rich strands was favored (Tateishi-Karimata and Sugimoto 2012). Although under physiological conditions G-C rich DNA is more stable than A-T rich DNA, choline cations effectively destabilize G-C duplexes due to a preferential binding to guanine (Tateishi-Karimata and Sugimoto 2012). Concerning A-T rich regions, choline ions exhibit significantly stronger affinity for the minor groove than for other groove areas (Nakano et al. 2014; Saha et al. 2016; Haque et al. 2017) . By binding preferentially to atoms involved in G-C bonding, choline ions also inhibit the formation of hydrogen bonds between G-C base pairs (Nakano et al. 2014) .
In fact, the minor groove has been proved to be the main target of numerous ILs regardless of their cationic moiety, with the prevalence of electrostatic interactions and only minor contribution from hydrophobic interactions (Haque et al. 2017) . The problem of possible cross-interactions between DNA, ILs, and water has been approached in the computational study by Saha et al. (2016) . Using all-atom MD simulations followed by mean residence time calculations, the authors explored not only thermodynamic behavior, but also the dynamics of interactions in aqueous ILs. It was found, that the slower dynamics of water near G-C base pairs also slowed down the dynamics of IL cations, leading to an entropically unfavorable state compared to A-T-rich regions (Saha et al. 2016) . The authors of the study argue that slower relaxation times can be brought into agreement with a more rigid hydration shell, such that reorganization processes or thermal escape of water molecules are hindered. The associated influence of restricted water motion on the free solvation entropy was also discussed in Kumar et al. (2006 . Thus, the interaction of IL ions near G-C base pairs is not only enthalpically disfavored due to their lower affinity to IL cations, but is also missing an entropic stabilization in consequence of slower dynamics. On the contrary, binding of IL cations to A-T base pairs is driven by both enthalpic and entropic contributions, which results in stronger binding free energies. The authors postulate that in aqueous ILs, both enthalpy and entropy favor binding to A-T and disfavor binding to C-G base pairs (Saha et al. 2016) .
In 2012, Fujita et al. observed experimentally that a Gquadruplex structure is stabilized by the combination of protic cholinium cations and dihydrogen phosphate anions (Fujita and Ohno 2012) . Further spectroscopic and computational studies by Satpathi et al. revealed that particular ILs can even stabilize and form G-quadruplex structures in the absence of typical monovalent quadruplex-forming alkali metal ions (Satpathi et al. 2016) . Thermodynamic analyses combined with MD simulations by Tateishi-Karimata et al. showed that in certain aqueous protic ILs, choline dihydrogen phosphate, DNA i-motifs are more stable than Gquadruplexes . It was shown that choline tends to bind to the loop regions of the i-motifs, thus contributing to the enhanced stability of their structure. Although i-motifs tend to dissociate upon deprotonation of cytosine components (Smiatek and Heuer 2014) , in choline dihydrogen phosphate, i-motifs retained their stability even at physiological pH values . It was suggested that favorable enthalpic interactions contribute to the increased i-motif stability .
With reference to the presented results, the following conclusion can be drawn. Many ionic liquids contribute to the increased DNA stability without changing its structure (Cardoso and Micaelo 2011; Chandran et al. 2012; Jumbri et al. 2014 Jumbri et al. , 2016 Pabbathi and Samanta 2015; Zhao 2015a; Mishra et al. 2016) , whereas some other tend to destabilize DNA (Mukesh et al. 2013) . In particular cases, even a small difference in ionic composition of ILs can change the characteristics of its interaction with DNA drastically. An exemplary choline-based IL, choline-indole-3-butyrate, led to DNA structural degradation, whereas choline-indole-3-acetate did not (Mukesh et al. 2013) . Although the interaction between DNA and ILs occurs predominantly via electrostatic attraction of organic cations with phosphate backbones Ding et al. 2010; Wang et al. 2011; Cardoso and Micaelo 2011; Chandran et al. 2012; He et al. 2013; Jumbri et al. 2014 Jumbri et al. , 2016 Sharma et al. 2015; Zhao 2015a; Saha et al. 2016) hydrophobic and polar interactions also play a vital role (Ding et al. 2010; Wang et al. 2011; Singh et al. 2012; He et al. 2013; Zhao 2015a; Jumbri et al. 2016; Haque et al. 2017) . The contribution from hydrogen bonding, especially of anions, to DNA stabilization is less pronounced Cardoso and Micaelo 2011; Tateishi-Karimata and Sugimoto 2012; Nakano et al. 2014; Sharma et al. 2015; Zhao 2015a; Haque et al. 2017) . In this regard, the interaction of DNA with ILs seems to occur via similar mechanisms as the interaction with small polar molecules like urea or zwitterionic ectoine. Latest computational studies by us on the interaction of urea with short DNA oligonucleotide show that the urea-DNA binding is driven mainly by electrostatic energies complemented by shortrange Lennard-Jones contributions (see Fig. 4 ) (OprzeskaZingrebe and Smiatek 2018). Comparable to DNA-protic IL attraction, hydrogen bonding also assists binding of urea to DNA (Oprzeska-Zingrebe and Smiatek 2018). However, a significant contribution to DNA stabilization in ILs comes from the favorable entropic change associated with solvent effects in the system. Especially in aqueous ILs, low water activity near DNA surfaces associated with the change in hydration pattern supports its structure remarkably (Vijayaraghavan et al. 2010; Tateishi-Karimata and Sugimoto 2012; Nakano et al. 2014; Marušič et al. 2015; Saha et al. 2016) . Thus, one can observe both enthalpic and entropic contributions to DNA-IL interactions (Saha et al. 2016) . On the contrary, urea binding to DNA is driven mostly by conservative interactions (OprzeskaZingrebe and Smiatek 2018). As already mentioned, urea replaces successively water molecules in the first solvation shell around DNA, but without perturbing the structure of hydrated water. Thus, entropic contributions in case of urea binding can be disregarded (Oprzeska-Zingrebe and Smiatek 2018) .
In summary, the broad range of investigated ILs hinders the definition of general principles. As main outcomes, electrostatic interactions dominate the binding characteristics. Furthermore, the water behavior also plays a pivotal role. In agreement with proteins, it was often observed that protic ILs tend to stabilize DNA structures, whereas aprotic aqueous ILs reveal destabilization effects (Smiatek 2017 ). Moreover, it was shown that specific ILs promote a preferential interaction with certain nucleobase components. Hence, most effects are comparable to the influence of aqueous ILs on proteins, but certain differences can be observed, which can be mainly associated with pronounced electrostatic interactions.
Summary and conclusion
In this review, we discussed typical effects and binding mechanisms between aqueous ILs or standard co-solutes and macromolecular structures. As a standard theoretical framework, we introduced the Kirkwood-Buff (KB) theory for a reliable understanding of co-solute-assisted structure stabilization and destabilization effects. The theory is broadly applicable and makes no assumptions on the molecular geometries, while providing at the same time a rationale for the observed effects without further approximations. However, it becomes clear that the KB theory can only provide a general framework in order to rationalize co-solute-induced effects, which has to be modified if specific interactions like hydrogen bonds become important. Despite this limitation, it provides a reasonable approach in order to highlight the similarities and differences between aqueous ILs and standard cosolutes in terms of their binding behavior.
With regard to previous results on protein structures, one can distinguish co-solutes in terms of their enthalpically or entropically dominated interaction mechanism. Entropic stabilization or destabilization can be mostly attributed to excluded-volume effects or compensating enthalpic interactions, respectively, such that macromolecular unfolding is either promoted or surpressed. In contrast, but with comparable consequences, enthalpic mechanisms rely on the presence of significant conservative interactions between the macromolecule and the surrounding co-solute species. Due to the presence of strong electrostatic and dispersion interactions, one can assume that enthalpic contributions dominate the IL binding behavior (Diddens et al. 2017) . In contrast to standard co-solutes like urea, the combination of two species in aqueous ILs also provides a more complex destabilization mechanism. Comparable conclusions can be drawn for aqueous ILs and their effects on oligonucleotides. Unfortunately, the ions differ broadly between the investigated systems, such that general principles are hard to define. Most research was performed for DNA in neat ILs, which reveals a completely different behavior when compared with dilute aqueous ILs. Despite recent intensive research on the field of DNA behavior in the presence of ILs, many aspects still remain unaddressed. Elucidating all the molecular details of DNA-IL interactions will require in-depth computational and experimental studies in the future.
The current lack of understanding highlights that only a few aspects of this fascinating topic are understood, which hinder a tailor-made functionalization for specific purposes. It is thus of utmost importance to advance our knowledge by performing additional experiments and simulations in order to establish main principles.
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